The intensification of ultraviolet absorption in substituted over un substituted benzene is here attributed to the destruction of the sixfold symmetry of the benzene by the partial migra· tion of an electron to the ring or out of it. Toluene, aniline, phenol, and fluorobenzene are treated. The electric moment produced by a migration of an electron from the radical into the benzene ring is calculated by the method of antisymmetric molecular orbitals and the extent of migration by a minimum condition. The results are in agreement with empirical data. It is concluded that a radical will produce a large intensification of the absorption if it has a low ionization potential, a pair of non bonding P electrons, and a not too large ring-radical distance.
INTRODUCTION

I
T is known empirically that the absorption of an organic compound is determined by two factors: first by its skeleton of unsaturated bonds, and second by the groups or radicals attached to the skeleton. The former has been treated, for certain cases, in a previous paper. l In order to consider the effect of the latter, we will compare the long wave-length electronic absorption of the compounds shown in Fig. 1 .
It will be noticed that in these compounds the atoms attached to the ring are consecutive in the periodic table, yet the intensity of absorption of the longest wave-length electronic band does not vary monotonously. Toluene and fluorobenzene absorb weakly, only twice as much as unsubstituted benzene, while aniline and phenol absorb about twenty times as strongly as benzene.
The long wave-length electronic band of these compounds occurs at about 2700A. This band has been shown to be due in benzene to an A 19-,>B 2u transition, forbidden!' 2 by the sixfold symmetry of the ring. It appears in benzene only very weakly through the interaction with vibrations of a suitably low degree of symmetry (ElY) ' The sixfold symmetry can also be disturbed by a substitution. A monosubstitution reduces the symmetry sufficiently to make the transition allowed to an extent which depends upon the interaction of ring and radical. In order to obtain an experimental measure of the effect of the substitution on the absorption one must, accordingly, compare the enhancement in the different substituted benzenes over benzene itself.
It is found empirically. that a large intensification usually goes hand in hand with a large directing power. 3 The NH2 and OH groups exert both effects outstandingly, whereas the action of CH 3 or of a halogen is feeble. That a connection exists between these two phenomena is to be expected, since the directing power has been shown 4 to be due to the effect of the substitution upon the symmetrical charge distribution of benzene. The difference between the two phenomena is principally that the directing effects depend upon the perturbation of the ground state (and also upon the group being attached) whereas the intensification depends upon the perturbation of both the ground and the excited state. The same fundamental mechanism, however, underlies both In developing a theory of directing power it has been found necessary to consider at least two effects of the substitution: a distortion of charge distribution by induction and a migration of charge between ring and substituent. 5 The latter effect turned out to be the larger one. S These same two effects will influence the intensity of absorption.
The induction, caused by the polarity of the ring-radical bond, may be treated as a perturbation which will mix the energy levels. Two levels, only one of which is forbidden in combination with the ground state, may be mixed and make the forbidden transition partially allowed. It is, however, empirically clear that the inductive effect does not produce large intensifications.
7
This may be seen from the absorption of the anilinium ion, ONHa+, which absorbs as weakly as benzene itself (Fig. 2 ). Yet, in view of its integral charge, it is an example, par excellence, of a large induction effect. On the other hand, aniline and phenol are considerably less polar than the anilinium ion and absorb twenty times as strongly. The first-mentioned molecules 7 This cannot yet be understood theoretically since a preliminary estimate for this effect does not turn out to be particularly small. permit an electron to migrate into the ring, since the Nand 0 atoms have pairs of electrons which do not form chemical bonds. The anilinium ion, on the other hand, does not allow migration into the ring since the ionization potential of the C sH 5NHa+ ion is extremely large, due firstly to the positive charge and secondly to the fact that all the electrons (except the deeply bound is) in the nitrogen are now bonding electrons. Furthermore, the Pauli principle forbids an electron to enter 1±le NHa+ group. We must, accordingly, look to the migration effect for large intensifications in absorption. It will be shown in the following that this effect does give a satisfactory account of the absorption of the compounds in Fig. 1 .
THE MIGRATING ELECTRONS
Since the only electrons in the substituent to interact with the absorbing ring electrons are those whose orbitals have a node in the benzene plane (P orbitals), we must first consider the state of the radical electrons. If the atom attached to the ring has nonbonding electrons, it is clear that these will migrate so much more easily than the bonding electrons, whose ionization potential is higher, that the migration of the latter can in this case be neglected.
The fluorine atom is in a state, where the direction of the axes may, without any loss in generality, be taken as in Fig. 3 . That is, for fluorobenzene we may treat the migration of a pair of P z electrons, since S, P x , and P lI electrons do not interact with the P z ring electrons. Oxygen, in its ground state, has only one pair of nonbonding P electrons. Only when the OH bond is coplanar with the ring does this pair become a P z pair capable of migration into the ring, which will stabilize this orientation of the OH bond. 8 Accordingly for phenol as for fluorobenzene, we consider the migration of a pair of nonbonding P z electrons.
The nitrogen atom also has a pair of nonbonding electrons. However, in the ground state of nitrogen this pair is in the 2s state and will not interact with the ring. In ammonia-like compounds, on the other hand, the nitrogen atom is not in its ground state 9 and the non bonding pair may be taken to be in the state rN where (1) where the axis of the P function is the threefold axis of ammonia. This may be seen from the circumstance that if the pair were in the if;2S state, ammonia would form a right-angled tetrahedron. On the other hand, if the pair were in the if;2P state ammonia would be plane. The flattened pyramidal structure can only' be obtained by a linear combination, the above coefficients having been adjusted to give the experimental angles. This probably overestimates the contribution of if;2P since the repulsion of the hydrogens could spread the tetrahedron without hybridizing the states. A more accurate estimate might well yield a somewhat lower value for the 0.65 in Eq.
(1). The equilibrium position for the pyramidal axis is taken to be in a plane normal to the benzene plane, since the unbound pair migrates most easily in this configuration and hence effects the greatest decrease in energy. We may resolve the if;2P function of Eq. (1), which is referred to the pyramidal axis, along the axes shown in Fig. 3 In toluene we have no unbound pair and accordingly the entire migration is due to the bound electrons, in agreement with the weakness of the effect in toluene. In the preceding cases the migration of bound electrons was neglected in comparison to that of the unbound. We must now investigate the orbitals for the C -C and the three C -H bonds. It is clear that the C -C orbital has no P z component since the C -C bond is in the plane of the ring, and accordingly, the electrons forming this bond will not migrate into the P z ring orbitals. The functions for the three CH bonds may be written where the normalization factor if;H is the atomic orbital of the attached hydrogen atom and the if;cj are the Sp3 hybridized (tetrahedral) carbon functions: (2) if;ca= tif;2S+tV3( -tif;py-viif;Px -tV'1if;p z).
All three pairs of electrons forming the CH bonds will migrate into the ring. However, each migrating pair will, in the first order, contribute independently to the electric moment. Now we will see later* that the contribution to the electric moment is proportional to the square of the coefficient of if;pz in r. We may accordingly calculate the electric moment due to the migration of one pair of electrons from state if;Cl and then include a factor 1+(W+(t)2= 1.5 which takes care of the effect of the pairs of electrons in . orbitals if;C2 and if;ca. This factor, 1.5, makes the coefficient of if;pz in if;Cl equal to unity, as it evidently must.
EFFECT OF MIGRATION ON INTENSITY
The monosubstituted benzene is now treated like a diatomic molecule by the method of antisymmetric molecular orbitals. The single-electron orbitals are
* See reference 16. Since the substituted benzene has a twofold axis of symmetry, the calculation is simplified if one uses as 'I' the real one electron functions 'I'±k where:
The <p±z are the usual complex functions lo
The simplification is due to the fact that '1'-1 and 'I'+z are respectively even and odd to a rotation by 7r about the twofold axis since this rotation changes l to -l in the complex <PI and also changes the sign of the P z functions, K(v). Accordingly electrons on the radical cannot enter '1'-1 states since both t and the perturbing potential are even with respect to the rotation about the twofold axis.
The 'I'±l orbitals are:
10 M. Goeppert-Mayer and A. L. Sklar, J. Chem. Phys. 6,645 (1938 
The molecular orbitals for both the ground and excited state may now be written as products of eight single-electron orbitals. The product is expanded up to first powers in Ak=ak/b and then antisymmetrized. The particular products of single-electron functions for the two levels ll responsible for the 2700A bond has been previously discussed. lo In the ground state, 1/;0, the six electrons fill the three lowest orbitals; namely, ' 1' 0 and the doubly degenerate '1'1, '1'-1. The excited state, 'IF', is the lowest of the four states formed by exciting an electron from the doubly degenerate orbital 'I'·d, '1'-1 to the similarly degenerate '1'+2, '1'-2. The antisymmetrized molecular orbitals of the 8-electron system for the ground (t = 0) and lower excited state (t = 1) are
p where I2 . 13 11 It is easily checked that for the ground and excited state the proper products of real functions, 'l'z, are the same as for the complex functions "' Z. 12 In Eq. (9') the first term in 'ito,
corresponds to a state in which 6 electrons are in the ring and two on the substituent. The next terms ('I'0(1)'I'0(2)'I'1(3)'I'J(4)'I'-1(5)'I'-1(6)} 'l'i(7)r (8) correspond to states with seven electrons in the ring and one on the substituent. For these latter states it is not strictly correct to use for the 'l'i the one electron orbitals made up of hydrogen like atomic functions for the neutral carbon atom calculated in Eq. (7), because the effective charge is different. However, the difference between the effective charges of a neutral benzene and of a negative benzene ion can be estimated by the rules of Zener and Slater, reference 13, to be only 1/6XO.35. Since this difference represents only 2 percent of the effective charge, we have simplified the calculation by neglecting this difference and writing, in Eq. (9'), all 'l'k'S with the same effective charge.
.
P is the permutation operator whose function is to antisymmetrize the complete molecular orbital and cx, {3 are the two spin functions. }.tt is the normalization factor for '1Ft.
Since 1,01 is antisymmetrical and 1,0-1 symmetrical with respect to a rotation by 7r about the twofold axis of symmetry, it will be noticed that 'lFo and 'lF1 are, respectively, symmetric and antisymmetric to this operation and, accordingly, the product 'lF0'IF1 is antisymmetrical. It is then clear that the y component (d. Fig. 3 ) of the electric moment vanishes, since the y coordinate is symmetr~cal to the rotation by 7r about the twofold axis. Furthermore, both 'lFo and 'IF 1 are symmetrical to a reflection in the plane of the ring and since the z coordinate is antisymmetrical to this operator, the z component of the electric moment also vanishes. Accordingly, the only contribution to the intensity is the moment:
(10)
We will now consider each of the twelve terms in the expanded form for the x component of the electric moment; of these one term does not contain Ak, five are linear and six quadratic in Ak. The term independent of Ak evidently vanishes since. it represents no interaction between ring and substitution; the transition accordingly remains forbidden. The terms linear in A contain, as a factor,' the overlap integral between ring and radical, f ipk( v)S-( V)dT •. This reduces their magnitude to that of the quadratic terms, since Ak, as will be seen later, is of the order of magnitude of the overlap integral. Accordingly, all nonvanishing terms in the electric moment are of the same order.
To simplify the evaluation of the integrals we break the 8! interchanges in '1F t into 8X7 groups of 6! each and write, for example:
where
In the above expressions each set of 6! permutations involves interchanges of the six electrons in the benzene ring among themselves. The 56 groups of 6! terms involve an additional interchange of a radical electron either with a ring electron or with a second radical electron. Accordingly, the first bracket contains an antisymmetric molecular orbital of unsubstituted benzene of sixfold symmetry. If we further group the expression for the coordinate x into two parts: 
T= f J(v)S-(V)dT
where " is the frequency in cm-1 and G is "the number of orbitals, belonging to the final level, with which anyone orbital of the initial level can combine." We have, then, evaluated the dependeI1ce of the intensity on the extent of migration, A; and now proceed to consider the latter.
Extent of migration
The wave function for the migrating electron has been given in Eq. (4) as:
The magnitude of the migration from the radical orbitals rev) into the ring orbital 'Pi(V) is determined by Ai=ai/b which may be determined by minimizing the energy, U.
where U = f Y;(v)H.Y;(v)dr, H.= "V.+H",(v)+Hr(v). (15)
H", is the potential of the ring and Hr that of the radical. This is to be minimized under the constraint that fy; 2 dr= 1, which may be expanded by Eq. (4) into the condition that 
Ti= f 'Pi(v)t(v)dr.
14 R. S. Mulliken, J. Chern. Phys. 7, 15 (1939).
W is the negative of the lowest ionization potention of the radical in the compound while W k is effectively the electron affinity of the benzene ring in the compound.
Equations (16) and (17) yield as minimal condition: (18) where J.l is an undetermined multiplier of La Grange.
Since the magnitude of the migration, Ak, is not very large, we may take the ak's to be small whereas b is approximately unity. The overlap integral, T k, is also a small quantity. Furthermore, f 'PkHr'Pjdr is very small for krf j since 'Pk is strictly orthogonal to 'Pi' We now neglect in Eq. (18) all terms which are second order and keep only those terms which are zero and first order in small quantities. Eq. (18) then simplifies to
L:[(ajWj+bpi) -J.l(aj+bT j) ]oai +[bw-J.lb]ob=O, (18').
which yields the extent of migration Ai to be:
W-Wi
It is clear, as was to be expected, that Ai is determined by (p i -T iW), the interaction energy of the ring and radical, and by (W-Wi), the difference between the ionization potential of the radical and the electron affinity of the ring.
Since Eq. (19) yields the extent of migration and Eqs. (13) and (14) give the effect on the oscillator strength, we may now proceed to a numerical evaluation of the latter.
NUMERICAL CALCULATIONS
As can be seen from Eq. (19), in order' to determine Ak, and accordingly the intensity, we must evaluate Pk, rk, Wk and w. In order to calculate Pk we must first evaluate the interaction integrals f IPkH",tdr and ftHrlPkdT. A direct integration would be extremely tedious even with hydrogenlike wave functions, since the effective charge of the ring atoms is different from that of the radical atoms. However, an interaction integral involving two different effective charges may be rather well approximated as follows:
where the parameters Zl and Z2 are the effective charges of the hydrogen-like functions IPk and t, and
The justification for the above approximation is that at large distances an integral involving wave functions of two different nuclei, f1/;J!a1/1bdr, is quite well approximated by the product of the overlap integral, f1/;a1/;bdr times the integral f1/;cHa1/; c dr where 1/;c is a function of a hypothetical nucleus located at the place where the functions 1/;a and 1/;b overlap most. The latter integral, which is a Coulomb integral, is relatively insensitive to the form of the wave function. In other words, the two nuclei integrals should for a fixed internuclear distance be proportional to the overlap integral T k; as the screenil1g constant is varied this is indeed found to be the case in the range of values which enter these The overlap integral T k (Z l Z2) may be expanded by means of Eq. (7). Since the overlap decreases exponentially, only the overlap of wave functions on neighboring nuclei will be treated in the numerical evaluations, although the preceding equations have included all overlaps. The T k(Zl, Z2) then take the form
where In order to evaluate the integrals occurring in Pk one must now write down the potentials H", and Hr for the radical electron. The H", is taken to be the potential of a neutral benzene ring while Hr is that of the singly positively charged substituent. That is, we con~ider the radical as being brought up to its equilibrium position under the restriction that no migrations occur and then picture an electron as taken out from the radical. This electron is then permitted to distribute itself in the molecular field which consists of the neutral benzene ring and the ionic substituent. 205 (1934 the energy of penetration within a neutral carbon atom, it is certainly very small for large distances. In fact all Qik except Ql1 and Q12 turn out to be negligible, the W k reducing to where
in which E may be taken to be the electron affinity of the methyl radical (or more correctly, that of the secondary propyl radical). The electron affinity of the methyl radical has not been measured. It can, however, be estimated by the following extrapolation method. 21 In the series of compounds CRaX, the greater the electron affinity of the X atom, the larger will be the dipole moment of the C -X bond. In fact, no moment should result if the electron affinity of CRa and X were the same. One can, accordingly, estimate the electron affinity of the CRa radical by plotting the charge on the X atom against the electron 21 The author is indebted to Professor J. E. Mayer for discussions on this matter. affinity of X and then extrapolate to zero charge. The plot, shown in Fig. 4 , yields 1.8 volts for the electron affinity of the CRa radical.
The calculation may be somewhat refined by including in H'P and H, the electrostatic energy of the dipole associated with the benzene radical bond. This correction has been applied in the numerical computations, but was found to be quite small.
The above data and Eq. (20) yield X k and accordingly, from Eq. (13), the electric moment of the transition. The latter and Eq. (14) give values for the oscillator strength,J. The results are tabulated in Table I .
COMPARISON WITH EXPERIMENT
A comparison of the theoretical results with experiment may be obtained from measurements of the extinction, e, in solution. 22 The area under the extinction curves yields The experimental values tabulated in Table I One can say from' Table I that the migration effect does give a satisfactory account of the intensification of substituted benzenes both in magnitude and in the variation from one group to another. The calculation does show that aniline and phenol are very strongly and that toluene and fluorobenzene ate weakly absorbing.
The physical mechanism behind the above order may briefly be summarized. The weakness of the fluorobenzene is to be attributed to the electro-negativity of the fluorine atom which causes the ionization potential w to be large. That toluene also absorbs weakly may be traced to the circumstance that in CH4 there are no non bonding electrons (except the tightly bound lS) and accordingly the ionization energy of the 24 Results of Victor Henri and Lucy W. Pickett (J. Chern, ~hy.s. 7. 439 (19~9» seem to indicate that the change from liqUId to vapor IS much less than that given by Eq. (26). carbon atom is augmented by the binding energy of the CH bond. Furthermore, the P z electrons are shared by the C and H atoms and hence are further from the ring.
The NH2 and OH groups each have a pair of unbound electrons. Now since NH3 has a considerably lower ionization potential than H 2 0 one would expect C6H5NH2 to be much more strongly absorbing than C 6 H 50H. That aniline absorbs only very little more than phenol may, at least in part, be attributed to the character of the pair of non bonding electrons. In the OH radical the pair, as previously discussed, is in a P z state whereas in the NH2 radical the pair is partially in an S and partially in a P z state. Since an S electron on the radical will not interact with the P z ring electrons, the above effect tends to diminish the effectiveness of the NH2 group.
A large intensification should be expected for those substituted benzenes in which the radical has a small ionization potential, a pair of unbound P z electrons, and small a ring-radical distance. One of the most favorable cases should be the mercaptan group S -H since the sulfur atom has the same electron configuration (except that its outer shell is an M shell) as oxygen and since the ionization energy of H 2 S is considerably below that of H 20. The effect of the slightly larger atomic radius of sulfur is compensated by the larger extension of the charge distribution of its P z state. The absorption of the thio-phenols has not been measured, but it is now under investiga tion.
In conclusion I would like to express my thanks to Professor K. F. Herzfeld for stimulating and directing this research and to Dr. R. H. Lyddane for checking the calculations.
